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Travelling Wave Particle Separation Apparafn* 

The present invention relates to travelling wave 
particle separation apparatus, which may be travelling wave 
field migration (also known as travelling wave 
electrophoresis) apparatus, having an improved electrode 
configuration. 

As described in W094/16821, particles can be 
manipulated by subjecting them to travelling electric 
fields, such travelling fields are produced by applying 
appropriate voltages to microelectrode arrays of suitable 
design. The microelectrodes have the geometrical form of 
parallel bars, which may be interrupted by spaces to form 
channels, as shown in figure 1 and may be fabricated using 
standard metal sputtering and photolithographic techniques 
as described by Price, Burt and Pethig, Biochemica et 
Biophysica, Vol.964, pp. 221-230. Travelling electric 
fields are generated by applying voltages of suitable 
frequency and phases to the electrodes as described in a 
paper, title "Separation of small particles suspended in 
liquid by nonuniform travelling field", by Masuda, Washizu 
and iwadare, IEEE Transactions on Industry Applications 
Vol.lA-23, pp. 474-480. Masuda and his coworkers describe 
how a series of parallel electrodes (with no channels) 
supporting a travelling electric field can, in principle, 
be used to separate particles according to their electrical 
charge and size (weight) . Masuda et al have not however 
described a practical demonstration of such a particle 
separation method. 

In a paper entitled 'Travelling-wave dielectrophoresis 
of microparticles- by Hagedorn, Fuhr, MQller and Gimsa 
(Electrophoresis, Vol.13, pp. 49-54) a method is shown for 
moving dielectric particles, like living cells and 
artificial objects of microscopic dimensions, over 
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microeiectrode structures and in channels bounded by the 
electrodes. The travelling field was generated by applying 
voltages of the same frequency to each electrode, with a 
90° phase shift between neighbouring electrodes. 

In "Electrokinetic behaviour of colloidal particles in 
travelling electric fields: Studies using Yeast cells- by Y 
Huang, X-B Wang and R Pethig J. Ph ys. D. Appl. Phys . 25 
1993 1528-1535, an analysis supported by experiment is mad e 
of the "travelling-wave dielectrophoresis" (TWD) effect 
described by Hagedorn et al (paper cited above) . The 
phenomenological equation 



2n er 2 



is developed by Huang et al, to show that the TWD velocity 
xs a function of the square of the particle radius (r) the 
square of the electric field strength (A(0>), the periodic 
length of the travelling field (X), medium viscosity (,) 
and the imaginary part of the Clausius-Mossotti factor 
f ( V' € m*> defining the dielectric properties of the 
particle and the suspending medium in terms of their 
respective complex permittivities e p * and c m * . This 
equation provides, for the first time, a practical guide 
for the design of travelling wave electrode systems for the 
manipulation and separation of particles. 

Although the phenomenon in question is usually termed 
"travelling wave dielectrophoresis", this is something of a 
masnomer as the force which acts on the particles to 
produce transitional movement is not the dielectrophoresis 
force but rather that which acts in electrorotation. This 
force is related to the imaginary component of the 
polarisability of the particle within its surrounding 



WO 96/31282 



-3- 



PCT/GB96/00860 



.edium. However. as is discussed in nore 
particle migration o„ ly occurs £or travel °"' 
frequencies which produce negative dielectrophoretic for... 
_ °n the particle. .Dielectrophoretic force, are relLaT 
> the reai component of the polarisability of the 
vathm «s surging medium. , The se forces are 
responsible for lifting the particle away f rom the 
electrodes and the channel between the electrodes „ e 
accordingly prefer to refer to the phenomenon called 
prevxously -travelling wave dielectrophoresis- by the name 
travelling wave field migration- (TWFM) . To obLn twT 
two separate criteria have to be met First , , 
-« * selected at which the dielectro^resi ^ 
acting on the particles is negative, ie SU ch is to ^ 
the partrcles from the electrodes. This, we have found 

thT I f real C ° nPOnent ° f the dip ° le «-* -^«d in 
the particles to be negative. 

Second, the frequency selected has to be such that the 
finery component of the dipole moment induced i„ £ 
particles is non-zero (whether positive or negative, to 

particUs'are^lTb"^ 5 ^ Ch0 ~ SMh — 

L l T y 6 ,lTCt «« I «» and do not migrate or 

follow any bulk flow of the liquid in which they are 
contained whilst other particles are not held by the 
electrodes and are either essentially unaffected or migrate 
» one or other direction with respect to the field. 

arrav'o/eT? 1 ! 3 "™* SePara "° n ««-»"». « 

array of electrodes is provided forming a -ladder- al™„ 
which my ^ m . JZZ£Z 

field .conditions or on which particles may be held ™. 
electrodes may form a linear ladder or may" be a » 9 ed as 
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concentric circles. The ph.se of the voltage 

that each n th electrode will be at the same phase <„„ere n 
xs an mteger, . This presents a difficulty in physically 
S vrr.ng the electrodes to a voltage source in tnat^ parate 
connections need to be provided to each electrode or to 
groups of electrodes in which groups each electrode is 
spaced fro. the next by n-! electrodes belonging to other 
groups. If printed wiring connections are provided th! 
10 "ill need to be insulated crossing points. * 

This difficulty is avoided according to the present 
invention, in which there is provided travelling wave 

15 which 1 " P "" ion *PP"«- an electrode array 

whxch courses a plurality of continuous electrodes 

that a particle migrating transverse to the electrodes 
would cross each electrode repeatedly and such that the 
order xn which the electrodes would be encountered by such 
20 a partrcl. migrating transverse to the electrodes at each 
crossing thereof would be the same. 

Of course it „ U1 b e appreciated that the particles 

2S III"™ 1 "* ™" " over t 

electrode array in the use of the apparatus. 

Examples of electrode arrangements in accordance with 
the rnventron are a flat spiral, a helix of constant 

30 ££T' ° r 3 h6liX ° £ • »-.- a conical 



35 



vary ZlT^" ° £ ^ Pa " iCleS " hiCh a " «y 

Zlf ^ ««osc=pe (a microscopic particlel or may be 

3Ub -" i — P««°W • The particle may te 
labelled to assist identifying or tracing it and may be 
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detected 



10 



15 



usxng labels such as luminescent, fluorescent and 
electromagnetic radiation absorbent labels. 

Examples of the former type of particle include 

:z::: cells ' piant ceus ' yeast cei1 - ^t^^. 

oocytes 1111(161:301119 *»* mit °^ «* 

Examples of the second type would include bacterial 
cells, vxruses, DNA or RNA molecules, proteins o 
molecules, and chromosomes. ' ^ bl °" 

Optionally, one may treat particles to h„ «, 
alter their fioi* • Farcicj.es to be separated to 

«r thexr fxeld mxgratxon properties to assist senar-n* 
or so that the act of separation deraonstrates 
xpe cte alteration has occurred. Methods of alt r ng 

; r on properties are de — - — - 



20 



25 



There are preferably from 2 to 10 electro 
Preferably from 2 to 5 electrodes. As £t^7" 
continuous, there is only a need to ma ke on " 

n :™u p ~ eleccrode for the whoie - 

for numerous or crossing connection paths is avoided 



30 



15 



be caL^uT ° £ trIVeUin9 PartiCle 

JL 7 ? " SlnS ^ array ° £ 'l^trod.. subjected to 

Phased electric fields normaHy such that every T, 

n is an inteoei-l 0 i a „, ^ . every n th (where 

ti.es the a'raoe 1 ^ ** 0ptl ~ U *' about «« 

under TWFH !!T " °* Pa " ICle " te ~»* 

12 tiJTTaid . " !° 20 timeS M "°" ~r • to 
1IMS said average diameter. For D arti,-l»= I 

»t rouohly circuia, it is the ^^^^^ 
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transverse to TWFM movement which is of significance. 

The electrodes may be formed, depending on the 
dxmensions required, using any of the standard Ce 
for patterning and manufacturing microscopic structured 
For example the electrodes can be produced by : 

screen printing; 

deposition of electrode material (eg by electroplating 
or sputter deposition) followed by one of the 
following patterning techniques: 

direct writing using an electron beam 
followed by etching (eg wet chemical 
etching, dry plasma etching or focused 
ion beam etching) • 

writing by exposure through a 
photolithographically generated mask 
followed by etching - the mask may be 
generated for example by visible, ultra 
violet, x-ray or electron beam lithography; 

excimer laser ablation; 

patterning followed by deposition of the electrode 
material (as in the X-ray LIGA process) . 

The invention will be further described and 
Ulustrated with reference to the accompanying drawings, in 

Figure i shows a first arrangement of electrodes for 

use m the invention; and 
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use m the invention 



As she™ ln Figure 1( a first enbod 

= invention has a flat spiral o£ electrt)des prim J^ 
substrate. There are four elec „ odes ■ P ln " d J» » 

applied sinusoida! voitages of phases 9 o'eoart t 

« appa« tus is rm , so as j oaus ;^ shown - 

parucles. the particles will migrate radi.n 
» - elects repeatedly. buc CT^.^ 

T -at particles to be'se ^ 1' ^^tT 

\ , -articles nay be washed away 

Alter ly , the field condittons ^ ay^ 

that certain particles migrate toward the centre and 
-9x.t. toward the periphery, so that the pa^cXes are 
grated and may be collected. A benefit of he spiral 
con patron is that particles migrating to the ceLre 
wiXu. be concentrated. 

In the arrangement shown in Figure 2 ^ a 1 
a~ forced on the outer or more ^surface OI I " 

g in. only four Wirin g connections are needed. 

The apparatus may be used in a 
apparatus of Figure / „ ™* " f Slmila - ^"ner to the 
select ^ • the fleld Editions are 

selected to immobilise certain particles onlv t • 
be flowed over th*> *io„- ^ P arc ^es only, a liquid may 
over the electrode array axiallv of tho k«o • \ 

late tV" raCted " - - hates e X 

later by turnxng of the field and washing. A^ernatrvely. 
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the electrode array may be used as a field m 

for separating particles. Ration path 

The sample volume will be limited essentially by the 
area of the electrode array. compared ^ J by the 

electrode arrays described in W0 S4/16B21, the electrode 
arrays shown here may be constructed to handle a much 
larger volume. Thus whilst the earlier electrode arrays 
.ere adapted to deal with . sample voW of ^ 

the electrode arrays described above may be sized to ! 
samples of qreater fh a » c , d to acc ept 

greater than 5 ml, eg up to 50 ml or more. 
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Claims 



Travelling wave oarticle 

an electrode array which ^f^^ ^v ing 

continuous electrodes ' of 

another in a p ath so sh * * with one 

transverse to the electrl Particle migrating 

electrode repeat! Cr ° SS 
repeatedly and such that- m~ 

the electrodes would he encountered hv ^ ^ ^ 
migrating transverse to th- , 7 ° h 3 Petiole 

-sing thereof .ul^ 1 ™ 8 " — 

^^^^^i^tr 1 "- the eiectrode 

by side electrodes. P Spiral of s ide 

Apparatus as claimed in c i aim , . 

array co mprises . ^J*" 1 ' Wherein electrode 
of side by .ia.'S^"-^ 

Apparatus as c i aimed in 

array co mp ri se s a helical" \' ^ el ^o de 

electrodes decreasLa , °' Side by side 

nelix to the other * " ^ «* of the 

Apparatus as claimed i n anv 

th - are from 2 to } ^ ^ wherein 

electrodes m said plurality 
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